This paper presents detailed descriptions, modelling parameters and technical data of a 5 MW high speed gearbox developed for the National Renewable Energy Laboratory (NREL) offshore 5 MW baseline wind turbine. The main aim of this article is to support the concept studies and researches for large offshore wind turbines by providing a baseline gearbox model with detailed modelling parameters. This baseline gearbox follows the most conventional design types of those used in wind turbines. The gearbox consists of three stages, two planetary and one parallel stage gears. The gear ratios among the stages are calculated in a way to obtain the minimum gearbox weight. The gearbox components are designed and selected based on the offshore wind turbine design codes and validated by comparison with the data available from the manufacturer of large offshore wind turbine prototypes. All parameters required to establish the dynamic model of the gearbox are then provided. Moreover, a maintenance map indicating components with high to low probability of failure is shown. The 5 MW reference gearbox can be used as a baseline for research on wind turbine gearboxes and comparison studies. It can also be employed in global analysis tools to represent a more realistic model of gearbox in the coupled analysis.
technology in wind turbine drivetrains, with the market share above 85% [3] , both onshore and offshore. In offshore development and in large turbines, the models such as Vestas 3.3 MW [4] , REpower 5 MW [5] or Areva 5 MW [6] are fitted with gearboxes. In research and development side, however, there is a lack of a reference, baseline gearbox design for analysis and comparison of different turbine concepts. Many researches have used the publicly available gearbox from Gearbox Reliability Collaborative (GRC) at National Renewable Energy Laboratory (NREL). The NREL GRC 750 kW gearbox [7] has been used in various studies on fixed offshore [8] , [9] , [10] , [11] or on a floating wind turbine [12] . However, as the industry goes offshore with higher capacity, there is a need for a baseline gearbox design with adequate modelling parameters for multi megawatts turbines to support the research studies. The challenges in large offshore wind turbines should be well studied by detailed modelling and simulations to avoid costly problems during operations.
The objective of this paper is to establish detailed specifications of a gearbox representing the typical gearboxes suitable for large offshore wind turbines. All modelling parameters are provided; thus, one can replicate the gearbox model. In practice, apart from the minimum requirements set by design codes, many project-specific factors such as site condition, installation issues, weight, manufacturing limitation and material availability influence the gearbox design. In this paper, a system engineering design approach has been employed. At first, the gear speed ratios are calculated by DriveSE model -a tool for minimizing the gearbox weight in wind turbines. By having the optimized gear speed ratios, the gearbox components are then designed and selected.
The reference gearbox in this paper is designed for the NREL offshore 5 MW baseline wind turbine [1] on a bottomfixed structure in the North sea.
DESIGN BASIS & METHODOLOGY

Wind Turbine Specification
In this study, the NREL offshore 5 MW baseline wind turbine [1] installed on a bottom-fixed offshore structure is considered. The NREL 5 MW turbine is a three blades, upwind, pitch controlled turbine with specification presented in Table I . The turbine class is selected as IEC class B according to IEC 61400-1 [13] . 
Environmental Condition
The wind turbine installation site is considered to be an offshore field in the Northern side of North sea. Since the wind turbine is bottom-fixed, the influence of wave loads on the drivetrain response can be neglected. The probability density function of one hour mean wind speed, u, at 10 m above the average sea level is modelled by the 2-parameters Weibull distribution [14] , [15] :
in which a and c are the shape and scale parameters which are 8.426 and 1.708 for Northern North sea respectively [14] .
The wind speed at hub height is calculated by power law, with power value of 0.14 for offshore as [16] :
where h hub is the hub height. The cut-in, rated and cut-out wind speeds in the wind turbine specifications refer to the wind speed at the nacelle height [13] , which is 90 m above the average sea level for this case study turbine.
Global Load and Load Response Analysis
A decoupled analysis method is used to estimate the drivetrain dynamic load response from the environmental load -see The global analysis is conducted by using the aero-servo-elastic code HAWC2 [17] . Simulations are carried in operational conditions and from cut-in to cut-out wind speeds. To minimize the statistical uncertainties, 15 simulations are carried out for each wind speed over 800 sec. and the first 200 sec. is removed to avoid start-up transient effects. The reference turbulence intensity factor is taken as 0.14 for all the wind speeds, according to IEC 61400-1 class B turbine [13] . The transit load cases, such as emergency shutdown or fault conditions are evaluated in a companion paper [18] .
More information about decoupled approach and its limitations can be found in Nejad et al. [19] , [20] , [21] or Dong et al. [8] .
System Engineering Design Approach
Gearbox is a part of the wind turbine system which its type and design influences other parts like tower and nacelle.
Therefore, a system engineering approach should be consulted. In this study, the rest of the turbine configuration is fixed and so the sizing of the gearbox is self-contained. From a full system perspective, the gearbox design impacts and is impacted by the rotor and rest of drivetrain design. Given the relative expense of the gearbox relative to other system components, trade-offs in the design may lead to an even lower weight gearbox in a full turbine design optimization. A fatigue analysis of the low speed shaft and main bearing(s) is included with several additional inputs. The outputs fall into two categories: subcomponent outputs and system outputs. Subcomponent outputs include the dimension and weight of individual subcomponents, and gearbox stage ratio and stage volume, which are preliminary design parameters for these subcomponents. The mass outputs for all the individual components are then used in a turbine cost model as part of overall system cost analysis. The system outputs are the cumulative weight, moments of inertia, and center of gravity of the entire hub and nacelle assemblies, which are used as inputs at the tower design level.
More information about the gearbox design as part of the overall wind turbine design process can be found in Dykes et al. [22] , [23] .
Optimizing Gear Stage Speed Ratios for Minimizing Gearbox Weight
In this paper, the NREL DriveSE software has been used to minimize the gearbox weight. The DriveSE tool designs the gearboxes for the minimum weight by optimizing the stage speed ratio [24, 25, 26, 27, 28] . The model requires the minimum input: transmitted torque, overall speed ratio, stage number, and gearbox configuration. The gearbox model outputs the weight, volume, and speed ratio of gearbox stages. These parameters are crucial input for gearbox component design and drivetrain capital/OEM cost analyses. This model is established based on ISO/AGMA gearbox design standards [24, 25, 26, 27, 28] . Input torque has been the major design driver of wind turbine gearboxes. Influences of non-torque loads caused by rotor overhung weight and aerodynamic forces on gearbox weight are considered in this work by including various main shaft/bearing configurations. The gearbox rating (bending and pitting resistance) analysis is not the focus of this approach so that the resulting changes to the gearbox design are not included. This model is validated by actual gearbox weight and speed ratios for wind turbines with power ratings between 750 kW and 5M W , which are specified by gearbox manufacturers. Figure 2 shows the validation results. 
(a) An external gear pair
The relationship between the overall gear dimensions, the speed ratio Us, and power P for external gears is [29] :
where C = 0.5dp(Us + 1) is the center distance. dp and F are the gear diameter and facewidth. The transmitted power P = T np 63,000
is linearly correlated to the gearbox torque T and speed np. K factor is an index for measuring the intensity of tooth loads [29] . There are different ways to calculate K factor: 1). it can be estimated from the empirical table in [29] (2.45); 2). it can be calculated by the formula below when the gearbox component dimensions are designed. In the study, the first approach is used:
where Wt = 2Qp dp is the tangential driving force. Qp is the input torque to the pinion.
Rewriting Eq. 3:
The gearbox weight is estimated by WGB = KAGF d 2 p , where KAG is the application factors for weight estimations [30] . The final form is:
The volume of driving gear equals F d
s . Therefore, the total size of the gear pair equals:
The total weight of the gear pair equals:
The volume of a planetary gear consists of the sun, ring, and B planet gears. The sun gear volume is:
where uSN = 0.5Us − 1 is the speed ratio between the sun and planet. Qs is the input torque to the sun gear.
The volume of a planet is:
The volume of the ring gear depends on both its diameter and thickness. AGMA 6123 defines the ring thickness no less than 3 times module. The ring gear volume is approximated empirically without designing individual gear dimensions.
The ring volume considers the weight of the housing and carrier:
where Kr = 0.4 is the scaling factor, selected from [30] .
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Therefore, the overall planetary gear volume is:
The planetary gear weight equals:
(c) Gearbox Weight
The gearbox weight is the summation of individual stage weight, which depends on the input torque Q1, Q1, Q3 and speed ratio U1, U2, U3. For the 5 MW reference gearbox with planetary-planetary-parallel configuration, the total weight is:
The final gearbox design takes into account of gear dynamic effects on loads, overload, unequal load sharing for planetary gears, and main shaft configuration. Therefore, the gearbox weight -W , and a new factor that captures the effects of main shaft configurations on gearbox loads KSH . In the model, kSH = 1 is used as default. More gearbox design information will be gathered to determine its appropriate value.
Determination of gearbox speed ratio per stage
This method selects the optimal speed ratios of individual gear stages for minimizing gearbox weight. For the configuration of Planetary-Planetary-Parallel, the total volume of the gearbox equals:
where Q0 is main shaft input torque. Let M1 = U1U2, M2 = U2U3, and M0 = U1U2U3 and rewrite Eq. 16 as: 
can also calculated numerically by using finite differences. Central difference formulation
(second order accuracy) is used here to check the accuracy of the analytical formulations in Eqs 19 and 20. dU = 2 × 10 −5 is selected through a sensitivity test to find the optimal step size to avoid machine round off.
Global Newton iteration is used to find the roots of Eq. 19 and Eq. 20: U1 and U2 for a given M1 = U1U2. The iteration procedure is based on the [32] . The general procedure is described as below:
1. Select an initial value for M1 = U1U2
2. Set the derivative of the gearbox volume to zero.
3. Solve for the root U1
, where M0 is total gear ratio 6. M2 = U2U3
7. Solve for U2 from
8. Iterate until U2 from step 7 equals U2 from step 4.
Convergence tolerance used in the iteration is 5 × 10 −3 .
Gearbox Type and Component Design
Today, many gearbox designs including high speed [4] , [5] , medium speed [6] , variable speed [33] or multiple shafts [34] have been offered by the wind turbine suppliers and gearbox manufacturers. Among the gearbox designs available in the market, the high speed gearbox with gear ratio in the range of 1:80-1:120 is the most common design. The Vestas offshore products including Vestas V112-3.3 [4] use high speed gearboxes, with two planetary and one parallel stage. The REpower 5 MW turbine [5] has employed the similar high speed gearbox with three stages.
For the 5 MW reference gearbox, the most common high speed gearbox with two planetary stage and one parallel stage is selected. For offshore applications, the use of spur gears is also possible since the noise is not a primary concern.
Spur gears are easy to manufacture and perform best at low speed and high torques. The disadvantage of employing spur gears is noise, particularly in high speed applications, which can be reduced by gear lead and profile modifications. In the first and second stages of this reference gearbox, spur gears are used in planetary configurations. Moreover, spur gears do not generate axial or trust load. This can have a positive impact on the planet bearings which are the most vulnerable components in planetary gears [10] . The gears in the high speed stage are selected as parallel helical gears.
The gear ratio of each stage is selected in a way to minimize the total gearbox weight as described in the last section, 2.4. Table II shows the design options calculated by the weight minimizing tool. Option B with three planets for both planetary stages is selected. Option C or D were not chosen as the gain in weight does not justify the complexities added to the load sharing behaviour in four planets design [35] .
The gearbox components, e.g. gears, bearings and shafts are designed based on the loads obtained from the global analysis and following the offshore wind turbine gearbox design code, IEC 61400-4 [28] . Components are designed to withstand the fatigue damage and ultimate loads during normal operational conditions. The ultimate operational loads on the gearbox is taken from an earlier study [20] for the same offshore site. The gear fatigue damage is also calculated by a long-term approach considering the whole range of operational conditions [19] . The gears are designed based on the ISO Wind Energ. 0000; 00:1-17 c 0000 John Wiley & Sons, Ltd.
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A.R. Nejad et al. [27] and ISO 6336-6 [36] and with the load and safety factors recommended by IEC 61400-4
[28]. The KISSsoft 2014 [37] was used for initial gear sizing.
The bearings types are selected based on IEC 61400-4 [28] recommendation, 750 kW NREL gearbox design [7] and REpower 5 MW [38] . The main shaft is supported by two main bearings to minimise non-torque loadings on the gearbox.
The effect of transient loads, i.e. emergency shutdown or fault conditions on the gearbox is investigated in a separate work [18] by using a detailed multibody model (MBS) of this reference gearbox -see section 2.6 for the MBS model.
Gearbox Multibody System (MBS) Model
The multibody system (MBS) modelling is a powerful tool for load and dynamic response analysis of wind turbine gearboxes [8] , [12] , [39] . The objectives of the gearbox dynamic analysis vary from noise control to stability analysis [40] . For wind turbine gearboxes, the goals in dynamic modelling include the study of natural frequencies of the system, noise and vibration analysis, and dynamic load analysis on other components ( e.g. support structure). The results from the load analysis can then be post-processed for stress analysis and life or reliability investigation.
In MBS method, a gearbox is modelled as a system of rigid or flexible bodies interconnected with appropriate joints [41] , [42] . Flexible bodies -normally shafts and structural members -are first generated in a finite element software and then imported with reduced degrees of freedom in the MBS model [43] , [44] . Bearings can be modelled as force elements with a linear or non-linear force-deflection relationship. Gears are modelled as rigid bodies with compliance at the teeth.
A detailed modelling procedure can be find in Oyague F. [7] .
The advantage of the MBS method is that dynamic effects of components are inevitably included in the analysis.
Moreover non-torque forces and moments can be added to the input loadings. Nevertheless, the accuracy of the results is directly dependent on the precision of the given stiffness, inertia and damping values.
The MBS equation of motion leads in general to a form of:
where the displacement matrix X in a six degree of freedom (DOF) system is equal to:
The M, C and K are mass, damping and stiffness matrices respectively. The external force matrix F also includes all forces and moments:
As highlighted by Peeters et al. [44] , the flexible MBS model where the rigid bodies are replaced by the reduced DOF flexible bodies, can capture the most of gearbox dynamic behaviour. However, full flexible model reduces significantly the computational time [45] , thus, it should be a balance and engineering judgement on the number of DOFs which is considered in the MBS model. Table III presents the model requirements highlighted by Guo et al. [46] .
The bearings in this paper are modelled with linear diagonal stiffness as:
The global loads, F, obtained from the decoupled method -see section 2.3 -are applied at the hub location in the main shaft, as shown in Fig. 5 and the generator speed is controlled on the high speed shaft. The coordinate system is also shown in Fig. 5 . In this coordinate system, the Kα is zero, since α is the rotational direction.
On generator side, the generator is modelled by a proportional-integral velocity controller [12] . Let e = ω − ω ref represents the difference between angular velocity at generator shaft calculated by MBS model and reference value obtained from the global analysis. The generator torque, TGen, is then calculated from:
in which KP and KI are proportional and integral gain receptively. The gain parameters are estimated based on the generator slip-slop diagram and to minimize the angular velocity error. In each time step, the TGen is calculated and applied on the generator shaft. In this paper, MBS model of the 5 MW reference gearbox is developed in SIMPACK [47] software. SIMPACK is a multipurpose multibody simulation code with features available to model gearboxes. The bearings are modelled with linear force-deflection relation -see equation 24 . The bearing stiffness are calculated by using CalyX software, a customizable multibody dynamic finite element based contact solver engine [48] and Romax software [49] .
Similar to the stiffness values, the damping in rolling element bearings is a topic with a high degree of uncertainty. Since contact damping in roller bearings is relatively small, a constant damping value can be used which is evaluated based on the average load. Kramer [50] estimated roller bearing damping by analysis of the equivalent linear spring-mass-damper system. According to Kramer [50] , the roller bearing damping value varies from 0.25% to 2.5% of the stiffness. Some researchers have taken the damping equal to the 1% of the mean stiffness [51] . It should be noted that dampings should be included in MBS model for numerical reasons.
Moreover, it is important to note that gearbox is one of the elements in the wind turbine drivetrain. In a 1-DOF model of drivetrain, hub, rotor, gearbox and generator are in a series system. The equivalent inertia of such system is calculated by:
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A.R. Nejad et al. in which n is the inverse gearbox ratio -gearbox ratio is defined as the rotor speed over the generator speed. Similar to the inertia, the equivalent torsional stiffness of the drivetrain is obtained from:
The frequency of free-free mode of 1 DOF drivetrain is estimated from [52] :
The frequency of free-free mode of drivetrain is primary dominated by other inertias (e.g. generator and rotor) than the gearbox, but the gearbox ratio plays an important role as it increases the generator inertia significantly -see equation 26 .
For instance, for a high speed drivetrain design of a 2 MW wind turbine, the free-free mode frequency is about 1.36 Hz [52] , while the gearbox first eigenvalue is above 5 Hz. It is the wind turbine designer responsibility to check the dynamic behaviour of whole drive line. The gearbox is an important component in drivetrain which can be used to adjust the dynamic response of the system.
RESULTS: 5 MW REFERENCE GEARBOX DESCRIPTION
The gearbox layout and topology with the bearing designations is shown in Figure 3 and Figure 4 . The general specification is also listed in Table IV . Type  OD  ID  B  INP-A  CARB  1750  1250  375  INP-B  SRB  1220  750  365  PLC-A  CRB  1030  710  315  PLC-B  SRB  1220  1000  128  PL-A  CRB  600  400  272  PL-B  CRB  600  400  272  IMS-PLC-A  CARB  1030  710  236  IMS-PLC-B  SRB  870  600  155  IMS-PL-A  CRB  520  380  140  IMS-PL-B  CRB  520  380  140  IMS-A  CRB  500  400  100  IMS-B  TRB  550  410 
Component Specifications
Gearbox Parameters for MBS Modelling
The MBS model of the 5 MW reference gearbox is shown in Fig. 5 The parameters required for MBS dynamic modelling (e.g. mass, inertia and stiffness) are listed in Table VII, VIII for   gears and shafts and in the Table IX for 
GEARBOX VULNERABILITY MAP
A comprehensive design should include recommendations and comments on the maintenance planning and procedures. In
Nejad et. al [10] a procedure to develop an inspection and maintenance planning map based on the fatigue damage of gears and bearings has been introduced. This map -named "gearbox vulnerability map [10] "-ranks the gearbox components with highest to lowest fatigue damage. During routine inspection and maintenance, the vulnerability map can be used to find the faulty component by inspecting those with highest probability of failure rather than examining all gears and bearings. Such maps can be used for fault detection during routine maintenance and can reduce the down time and efforts of maintenance team to identify the source of problem [10] .
For this 5 MW reference gearbox, the vulnerability map has been constructed based on the procedures introduced by Nejad et. al [10] and is shown in Figure 7 . 
SUMMARY & CONCLUDING REMARKS
In this paper, a 5 MW reference gearbox for offshore wind turbine is presented. The aim of this work is to support conceptual studies and design comparisons of various offshore wind turbines models. NREL 5 MW reference wind turbine has been broadly employed by researchers around the world for structural design studies, but currently, there is no gearbox model in wind turbine literatures for detailed investigations of drivetrains.
The system engineering approach has been employed for designing this reference gearbox. First, the gearbox weight is minimized by optimizing the gear speed ratios and then the components are designed. The 5 MW reference gearbox consists of three stages; two planetary and one parallel helical stage which is designed for the NREL 5 MW offshore reference wind turbine. The gearbox component design is based on the related international design codes and the data from similar type wind turbine gearboxes.
A multibody model of the gearbox is then developed. Gears are modelled as rigid bodies with compliance at tooth and bearings are represented with 6 DOF stiffness matrix. All parameters, including geometries, stiffness and topologies required for creating a dynamic model of the gearbox are provided. One can build this gearbox model in his own modelling tools and investigates the load and load response of different wind turbine designs in offshore developments.
